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ABSTRACT: The nuclear receptor ligand retinoic acid (RA) has been
identified as an endogenous regulatory factor in the hippocampus, acting
on pyramidal neurons and granule neuron progenitors, but almost nothing
is known about the distribution of RA itself in the hippocampus. This study
describes the source of RA for the rodent hippocampus in the meninges via
the key RA synthetic enzyme retinaldehyde dehydrogenase 2 (RALDH2).
Diffusion of RA from the meninges potentially creates a gradient of
RA across the infrapyramidal and suprapyramidal blades of the dentate
gyrus, enhanced by the expression of the RA catabolic enzyme Cyp26B1
between the blades, and an infrapyramidal and suprapyramidal blade dif-
ference is evident in RA-regulated transcription. This asymmetry may con-
tribute to some of the physiological and molecular differences between the
blades, including a disparity in the rates of cell proliferation in the subgra-
nular zone of the two blades through RA inhibition of cell proliferation.
Such differences can be altered by either the application of excess RA, its
effect dependent on the relative position along the septotemporal axis, or
change in RA signaling through mutation of retinol binding protein, while
the capacity of RA to inhibit proliferation of cells in the dentate gyrus is
demonstrated using in vitro slice culture. Use of synthetic and
catabolic enzymes in the hippocampus to create differing zones of RA con-
centration parallels the mechanisms used in the developing brain to gener-
ate patterns of RA-regulated transcription. VVC 2012Wiley Periodicals, Inc.
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INTRODUCTION

Retinoic acid (RA) is a unique lipid regulator of neural progenitor
proliferation and differentiation. RA’s actions are mediated by its bind-
ing and activation of specific RA receptors that are members of a family
of ligand-activated transcriptional regulators (Mark et al., 2006). This
regulatory factor has the potential to promote transcription of a very
large number of genes, potentially inducing, by at least a factor of two,
several thousand genes (Cawley et al., 2004). Among its functions, RA

induces neuronal differentiation in stem cells, for
instance, RA induces embryonic stem cells to take on
the features of pax-6 positive radial glial cells charac-
teristic of endogenous embryonic neural progenitors
(Bibel et al., 2007). RA also has antiproliferative
effects on a wide variety of cell types and is used in

the treatment of several cancers (Crowe, 2002). How-

ever, the expression of different RA binding proteins

in the cytoplasm can shuttle RA away from the RA

receptors and toward PPARalpha/delta, resulting in

RA promoting, rather than inhibiting, cell prolifera-

tion (Schug et al., 2007).
As a regulatory factor in the developing central

nervous system (CNS), RA has been investigated
extensively, where it functions to pattern gene expres-
sion and regulate neurogenesis (Maden, 2002, 2007).
As the embryo matures and neurogenesis, as well as
other RA-regulated functions, decline, RA-regulated
transcription becomes progressively restricted (Luo
et al., 2004). Until recently, it has been little consid-
ered that RA may have a function in the adult brain,
but although its action are localized to only a few
brain regions, evidence indicates that RA influences
synaptic plasticity in the hippocampus (Misner et al.,
2001; Aoto et al., 2008; Chen and Napoli, 2008) as
well as regulating proliferation and neurogenesis in
the three restricted regions where this takes place, the
olfactory epithelium, subventricular zone (SVZ) and
hippocampal subgranular zone (SGZ) (Asson-Batres
et al., 2003; Haskell and LaMantia, 2005; Wang
et al., 2005; Jacobs et al., 2006). In the SVZ, RA pro-
motes both proliferation and neuronal differentiation
of progenitors (Haskell and LaMantia, 2005; Wang
et al., 2005). In the hippocampal SGZ, vitamin A was
described to be necessary for neuronal differentiation
and survival, but not proliferation of granule cells
(Jacobs et al., 2006). Certainly, from analysis of the
regions of RA’s actions in the brain using transgenic
RA reporter mice, the hippocampus is a particular
hotspot for RA signaling (Misner et al., 2001; Cran-
dall et al., 2004; Luo et al., 2004), with RA-regulated
transcription localized predominantly in the dentate
gyrus. In vitro studies indicate that the neuronal pro-
genitors which give rise to the granule neurons
directly respond to RA (Takahashi et al., 1999).

Although RA has the potential to act in the hippo-
campus, the endogenous source of RA to regulate func-
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tion is unknown. In situ hybridization and immunohistochemis-
try studies have not shown the presence in the rodent hippo-
campus of the retinaldehyde dehydrogenases (RALDHs)
required for RA synthesis. This report describes the pattern of
RA synthesis in the mouse hippocampus. The only source of
RA-synthesizing enzyme is retinaldehyde dehydrogenase 1 and 2
(RALDH 1 and 2) present in the adjacent meninges with RA
diffusing from this source, potentially distributed nonhomoge-
nously across the infrapyramidal and suprapyramidal blades of
the dentate gyrus. This may differentially regulate function
between the blades, and one example is explored is the rate of
proliferation of neural precursors. It is demonstrated that RA
can regulate proliferation of progenitors in the SGZ and the ra-
tio of proliferation between the infrapyramidal and suprapyra-
midal blades can be shifted by alterations in RA signaling.

METHODS

All mice used in this study were of age 2–3 months, unless
otherwise stated. For paraformaldehyde (PFA) fixation of the
brain, mice under Avertin1 or pentobarbital anesthesia were
intracardially perfused, flushing first with room temperature sa-
line followed by a cold (48C) 100 ml volume of 4% (PFA) in
pH 7.2 0.1M phosphate buffer. The brains were removed from
the skull, postfixed overnight in the same fixative at 48C and
sunk in 30% sucrose. All animals in the UK were kept in ac-
cordance with Home Office regulations and in the US follow-
ing the guidelines laid down by the NIH (NIH Guide for the
Care and Use of Laboratory Animals). Endogenous RA signal-
ing in the mouse was determined using the RA response ele-
ment (RARE)-lacZ reporter transgenic line (Rossant et al.,
1991) that contains a tetrameric repeat of the RARb2 RARE
linked to the hsp68 minimal promoter which has been exten-
sively used as a RA-reporter transgene. RBP2/2 mice were
kindly given by Quadro and Blaner (Columbia University,
New York) (Quadro et al., 1999). The mice were maintained
on a regular chow diet manufactured by TestDiet (PicoLab
Rodent Diet 20 #5053; Purina Mills, St. Louis, MO) from
weaning. This diet provided 25.0, 12.0, and 63.0% calories
from protein, fat, and carbohydrates, respectively. The diet also
contained 25 IU of vitamin A/g of diet. A sledge microtome
was used to cut frozen 40-lm coronal sections. These were
used for immunohistochemistry using standard procedures with
free-floating sections in meshed wells (CoStar) with fluorescent-
conjugated secondary antibodies (Crandall et al., 2000; Palmer
et al., 2000; Crandall et al., 2004). For bromodeoxyuridne
(BrdU) immunostaining, sections were pretreated with 1M
HCl for 30 min at 478C and labeled with BrdU primary anti-
body (1:500 Accurate Scientific, NY) using an anti-rat second-
ary antibody (Alexafluor 546, Molecular Probes) as described
previously (Palmer et al., 2000; Crandall et al., 2004).
RALDH1 antibody was from Lindahl (University of South
Dakota) and specificity by isoelectric focusing blot described in
McCaffery et al. (McCaffery et al., 1991) and RALDH2 anti-

body was generated within our lab and specificity described in
Berggren et al. (Berggren et al., 1999).

The RARE reporter mouse was used to quantify RA signal-
ing in the dentate gyrus. LacZ-positive cells were quantified
using Image J software and expressed as a percentage of the
total number of granule cells. Quantification of absolute cell
numbers was not used because the number of cells expressing
the reporter can differ between individual animals due to the
variability of reporter response potentially caused by an epige-
netic mechanisms as previously reported (Sakai and Dräger,
2010). To avoid bias caused by epigenetic variation, the per-
centage of lacZ-positive cells was expressed as a ratio between
the two blades for the control/RA experiment.

To quantitate the BrdU-labeled cells in the SGZ of the den-
tate gyrus, a modified unbiased stereological protocol was used
in which BrdU-labeled cells were counted in every 12th section
at either 2003 or 4003 (West et al., 1991; Gould et al.,
1999; Malberg et al., 2000). The average number of sections
with hippocampi numbered 8, and the results were presented
as the total number of cells in all sampled sections, averaging
between three and five mice per treatment. A single investigator
counted cells on coded slides. A labeled cell was defined to be
in the SGZ if the cell touched or was within two cell diameters
of the SGZ (Kuhn et al., 1996). Statistical analysis was per-
formed using a two-tailed Student’s t test with P < 0.05 con-
sidered significant. To determine differences in numbers of
BrdU-labeled cells along the rostral caudal length of the fore-
brain every 12th section was selected based on its position
within three segments of the forebrain, rostral, intermediate,
and caudal. These matched the sections illustrated for the
C57BL/J6 brain in the atlas from Paxinos and Franklin (2004)
spanning approximate bregma values of 21.46 to 21.94,
22.06 to 22.54, and 22.70 to 23.16 mm for rostral, inter-
mediate, and caudal regions, respectively.

Messenger RNA levels of Cyp26B1 were detected by in situ
hybridization with coronal rat brain sections, sense, and antisense
riboprobes corresponding to 2354–3285 bp of mouse Cyp26b1
(GeneBank accession number NM_181087) and following tech-
niques as previously described in detail (Ross et al., 2009).

Organotypic hippocampal slice cultures were performed
using a modified version of the interface method (Stoppini
et al., 1991). Hippocampal slices were prepared from postnatal
Day 14 RARE-lacZ pups. Following anesthesia and decapita-
tion, the heads were sprayed thoroughly with 70% ethanol.
The brain was removed from the skull and bisected down the
midline. Sagittal slices (200 lm) were cut using a vibratome
(Leica). The dissection and culture medium consisted of 50%
minimum essential medium eagle, 25% heat inactivated horse
serum, 25% Hank’s Balanced Salt Solution, supplemented with
100 units penicillin, 100 lg streptomycin, 2 mM glutamine, 5
mg/ml glucose, and 25 mM 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES). The hippocampus was dissected
from the surrounding tissue under a microscope and transferred
to a sterile 0.4-lm porous Millicell membrane (Millipore)
using a glass pipette. Cultures were maintained at 348C, 5%
CO2 in 1 ml culture medium. Following 24 hr in culture, cul-
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tures were transferred to serum-free medium consisting of Neuro-
basal medium, B27 supplement minus vitamin A, 100 units pen-
icillin, 100 lg streptomycin, 2 mM glutamine, and 5 mg/ml glu-
cose. Following 3 days in culture, slices were treated with di-
methyl sulfoxide, RA, epidermal growth factor (EGF) (20 ng/
ml), or RA/EGF for 48 hr. BrdU (10 lM) was added 2 hr
before fixation. Slices were fixed in 4% PFA for 10 min followed
by 10 min in 100% methanol at 2208C. Following extensive
washes in phosphate buffered saline (PBS), slices were blocked in
10% horse serum and 0.4% triton X for 2–3 days. Slices were
incubated in anti-NeuN (1:500, Chemicon) diluted in 5% horse
serum and 0.4% triton overnight followed by anti-mouse Alexa
Fluor 555 (1:300, Invitrogen) overnight. Following washing, sli-
ces were fixed in 4% PFA for 10 min followed by four washes
in PBS. DNA denaturation was performed by incubating slices
in 1M hydrochloric acid at 478 C for 30 min. Following exten-
sive washes, slices were incubated in anti-BrdU (1:1,000,
OBT0030, Accurate) overnight followed by anti-rat secondary
Alexa Fluor 488 (Invitrogen) overnight. Finally, slices were
mounted and visualized under a fluorescence microscope.
ImageJ was used for quantification of BrdU positive cells in cul-
tured slices. NeuN staining was used to demarcate the bounda-
ries of the dentate gyrus, CA3, and CA1 subregions. Alterna-
tively, the same double labeling protocol was used to label cells
with NeuroD (1:100, sc-1084, Santa Cruz) and BrdU to iden-
tify neuronal progenitors. BrdU or BrdU/NeuroD positive cells
were quantified within the boundaries of each subregion using
the automated cell counter within ImageJ for BrdU positive
cells and manual cell counter for BrdU/NeuroD double positive
cells. Cell counts were verified using randomized manual count-
ing. For statistical analysis, one-way analysis of variance
(ANOVA) statistical tests with Tukey’s posthoc test were carried
out or Student’s t test, when appropriate.

RESULTS

Asymmetry in Retinoic Acid Synthesis in the
Dentate Gyrus

As a regulator of CNS development in the embryo, RA func-
tions as a locally synthesized factor regulating transcription
within discrete areas (McCaffery et al., 2003). Although there
are many fewer regions of RA synthesis in the adult brain, there
are limited regions in which the RA synthetic enzymes are pres-
ent, potentially creating discrete regions of high RA (Luo et al.,
2004). In the region of the dentate gyrus, RALDH1 and
RALDH2 are the only two RA synthesizing RALDHs and are
predominantly expressed in the meninges adjacent to the infra-
pyramidal blade of the dentate gyrus (Figs. 1A,C), although
RALDH1 is also in the walls of some of the large blood vessels
of the hippocampal fissure (Figs. 1A,B). The third RA synthesiz-
ing enzyme, RALDH3 is absent (Fig. 1D). These enzymes were
not identified in hippocampal neurons and, although it has
been previously described that RALDH1 is present in cultured

hippocampal neurons (Aoto et al., 2008), which we verify as
strongly positive for RALDH1 (Figs. 1E,F), it is not present in
vivo at sufficiently high levels to be detected immunohisto-
chemically (Figs. 1A,G). The RA catabolic enzymes, Cyp26a1
and Cyp26b1, also control the distribution of RA (McCaffery
and Simons, 2007). Cyp26b1 but not Cyp26a1 is present in
the hippocampus (Abu-Abed et al., 2002). No antibodies exist
to Cyp26b1, but in situ hybridization in the rat indicates its

FIGURE 1. Expression of RA metabolic enzymes in the hippo-
campus. The RA synthetic enzymes RALDH1 (A) and RALDH2
(C) can be detected immunohistochemically in the meninges
beneath the infrapyramidal blade of the hippocampus with some
blood vessels along the hippocampal fissure, at the edge of the mo-
lecular layer of the suprapyramidal blade, expressing RALDH1
(A and B). In contrast, RALDH3 is absent from the hippocampus
(D). Although RALDH1 is strongly detected in cultured hippo-
campal cells (E) and their neuronal identity demonstrated by dou-
ble labeling with MAP2 (F; RALDH1 in red, MAP2 in green), it is
not present at detectable levels by immunohistochemistry in the
endogenous hippocampal neurons of the dentate gyrus (A) or the
hippocampal subfields (G). In the rat hippocampus, the transcript
of the RA catabolic enzyme, Cyp26b1, is also expressed, present in
CA3 and the hilus (H). Scale bars: A, C and D, H, 90 lm; B, 18
lm; E and F, 10 lm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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expression in cells of the hilus between the blades of the dentate
gyrus, limiting the amount of RA from the meninges reaching
the suprapyramidal blade (Fig. 1H).

To determine the resulting pattern of RA-regulated transcrip-
tion in the dentate gyrus, an RA reporter mouse line transgenic
for a RARE coupled to a lacZ reporter gene (Rossant et al.,
1991) was used. This allows the spatial pattern of RA signaling
to be determined in a way that cannot be achieved by microdis-

section of tissue and physical quantification of RA owing to the
low levels of RA present (Kane et al., 2008). Expression of RA re-
porter in the RARE-lacZ hippocampus was evident in a subpo-
pulation of cells in the dentate gyrus with a greater number of
beta-galactosidase positive cells in infrapyramidal compared with
the suprapyramidal blade (Figs. 2A,B). To quantify this differ-
ence in RA response, numbers of positive cells were counted
although, because a difference was also evident between the prox-

FIGURE 2.
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imal and distal halves of each blade (evident in Fig. 2B), these
two regions were counted separately. In both regions, there was a
statistically significantly greater number of positive cells in the
infrapyramidal than in the suprapyramidal blade (Fig. 2C).

If the preferential activation of granule cells in the infrapyrami-
dal blades is due to the nearby source of RA generated in the
meninges, this spatial pattern will be removed by systemic expo-
sure of the RARE-lacZ mouse to RA resulting in an even distribu-
tion of RA between the two blades. Such a change in pattern to
one of comparable activation of RA reporter between blades was
evident with RA treatment for 3 days at 30 mg/kg (Figs. 2D,E);
when numbers of beta-galactosidase positive cells were counted in
the two blades of control and RA-treated RARE-lacZ mice, the ra-
tio of positive cells between the blades significantly shifted in the
RA-treated animals to approach a ratio of one (Figs. 2F).

The difference in reporter expression between the two blades
may potentially result not only from the local source of RA
synthesis but also from a disparity in one or more of the pro-
teins required for RA signal transduction. RARalpha was absent
(Fig. 3A) from the dentate gyrus whereas RARbeta and RAR-
gamma (Figs. 3B,C) were the predominant RA receptors in the
dentate gyrus but were distributed evenly between the blades.
The cytoplasmic RA binding protein cellular retinol binding
protein I (CRBPI) was not present in the dentate gyrus (Fig.
3D), whereas cellular RA binding protein I (CRABPI), which
buffers RA in the cytoplasm, was expressed evenly in both
blades (Fig. 3E), whereas cellular RA binding protein II
(CRABPII) was not present in the dentate gyrus but was
expressed in the meninges (Fig. 3F). This suggests that the dif-
ference in RA signaling between infrapyramidal and suprapyra-
midal blades may be the result of a higher RA concentration
around the infrapyramidal blade due to the local presence of
the RA-synthesizing enzyme in the meninges, rather than a dif-
ference in another RA-signaling component.

Control of Cell Proliferation in the Dentate
Gyrus by Retinoic Acid

Cell proliferation is controlled by RA in either a positive or
negative manner, depending on cell type (Nabeyrat et al.,

2000; Wakino et al., 2001; Paillaud et al., 2002; Alisi et al.,
2003; Oliva et al., 2003; Ledda-Columbano et al., 2004). 13-
cis RA is a ‘‘prodrug’’ isomer of RA removed slower from the
circulation than all-trans RA (Khoo et al., 1982) but isomerized
in vivo to all-trans RA to activate RA receptors (Tsukada et al.,
2000). We have previously shown that a 3-week exposure to
13-cis RA at 1 mg/kg/day inhibits cell proliferation in the SGZ
(Crandall et al., 2004), quantifying cell proliferation with two
hourly injections of BrdU over a 6-hr period followed by sacri-
fice and counting of labeled cells in immunostained sections.
These experiments were repeated to determine the relative
influence on the two blades of the dentate gyrus. Under control
conditions, when cell proliferation was compared between the
infrapyramidal and suprapyramidal blades of the dentate gyrus,
a significant difference was evident between the blades with
lower proliferation in the infrapyramidal blade (Figs. 4A,B,
left). This may suggest that under normal circumstances, the
higher levels of RA to which the infrapyramidal blade is
exposed leads to decreased cell proliferation in comparison to
that in the suprapyramidal blade. When mice were injected
daily over a 3-week period with 13-cis RA the decline in pro-
liferation induced by 13-cis RA treatment was primarily in
the suprapyramidal blade (Fig. 4B, right). With the two
blades exposed to equally high levels of RA this leads to nor-
malization of the relative level of proliferation between the
two blades. When the average ratio of BrdU labeling in the
suprapyramidal to infrapyramidal blade was calculated, a ratio
of 1.75 of suprapyramidal to infrapyramidal BrdU labeling
was significantly reduced to a ratio of 0.91 following 13-cis
RA treatment (Fig. 4C). This normalization of the two blades
was also evident with shorter-term 13-cis RA treatment and
when all-trans RA was used as the direct ligand for the RA
receptor, rather than the prodrug (Fig. 4D). The well-estab-
lished functional differences that exist along the septotemporal
axis of the hippocampus (Moser and Moser, 1998) include
differences in neurogenesis in the dentate gyrus (Jinno, 2011).
The influence of all-trans RA to normalize the ratio of prolif-
erating cells in the suprapyramidal versus infrapyramidal blade
of differing subregions of the dentate gyrus was explored.
Coronal sections along the rostral/caudal axis of the forebrain

FIGURE 2. Pattern of RA-regulated transcription in the hippo-
campus detected using the RARE/LacZ RA reporter mouse. RA re-
porter gene expression in the hippocampus was detected by immu-
nostaining for the beta-galactosidase reporter protein. A greater
number of cells of the dentate gyrus are labeled in the infrapyrami-
dal versus the suprapyramidal blade (A and B: beta-galactosidase
immunostaining in red and nuclei labeled with bisbenzamide in
blue). A greater number of beta-galactosidase positive cells were also
evident in the proximal versus distal halves (B). When numbers of
beta-galactosidase positive cells were counted in the two blades,
counting separately those in the proximal and distal halves arbitra-
rily divided at the centre point (as shown in B), a significant differ-
ence was evident between the two blades in both proximal and dis-
tal halves (C). A significant difference was also evident between the
distal and proximal portions of the infrapyramidal and suprapyra-
midal blade (C). When RARE/LacZ animals were injected with 30
mg/kg RA over 3 days to generate homogenous levels of RA

throughout the hippocampus, this resulted in similar activation of
the RA reporter in the infrapyramidal and suprapyramidal blades
(D and E) significantly shifting the ratio of numbers of beta-galac-
tosidase positive cells from its normal value of 1.3–0.9 (F). Scale
bars: A, B, D, and E, 90 lm. (C) Suprapyramidal versus infrapyra-
midal blade in the distal part of the dentate gyrus, n 5 3, one way
ANOVA, P < 0.0001, Tukey’s posthoc test, P < 0.05 (*), Suprapyra-
midal versus infrapyramidal blade in the proximal part of the den-
tate gyrus, n 5 3, one way ANOVA, P < 0.0001, Tukey’s posthoc
test, P < 0.01 (**), Infrapyramidal and suprapyramidal blade in the
distal dentate gyrus versus infrapyramidal and suprapyramidal blade
respectively in the proximal part of the dentate gyrus, n 5 3, one
way ANOVA, P < 0.0001, Tukey’s posthoc test, P < 0.001 (***). (F)
Control-treated infrapyramidal/suprapyramidal blade ratio versus
RA-treated infrapyramidal/suprapyramidal blade ratio, n 5 3, Stu-
dent’s unpaired t test, P < 0.05 (*). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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were divided into rostral, intermediate, and caudal regions,
which sampled from different positions along the septotempo-
ral axis of the hippocampus (Fig. 4E). It was found that the
relative effect of all-trans RA to normalize the ratio between
the two blades depended on the region examined and whereas
the treatment had no effect in rostral regions, the effect was
pronounced in intermediate and caudal hippocampus (Fig.
4E, i, ii, and iii), although this was only significant in the in-
termediate area.

A genetic route by which retinoid signaling may be altered
in the hippocampus is through mutation of the retinoid carrier
protein retinol binding protein (RBP, also called RBP4). Sys-
temically, RBP is synthesized by the liver and transports retinol

from liver into the plasma to the target tissue requiring reti-
noids (Blaner, 1989). Mice with RBP null mutations rely on
retinoids carried by chylomicrons (Quadro et al., 2003) to sup-
port physiological retinoid-dependent functions and, aside from
visual defects during the first months of life, the mutant mice
show no obvious signs of deficiency in RA signaling when
maintained on a retinoid sufficient diet. High levels of RBP
mRNA are expressed in several forebrain regions, including the
hippocampus (Komatsu et al., 2005). Immunostaining for RBP
protein in the hippocampus detected immunoreactivity in both
the dentate gyrus and CA1 and CA3 hippocampal subfields
(Fig. 5A), with strong immunostaining in the cytoplasm of
granule neurons (Fig. 5B). The function of RBP in the brain is

FIGURE 3. Expression of proteins transducing RA signaling in
the hippocampus. RARalpha (A) was absent from the dentate
gyrus whereas RARbeta (B) and RARgamma (C) were the main
RA receptors present and expressed similarly between the two
blades. Of the retinoid binding proteins cellular retinol binding
protein I (CRBPI) was not detected (D). The cellular RA binding
protein I (CRABPI) was present equally in both blades (E)

whereas CRABPII was localized to the meninges below the hippo-
campus (F). All immunostaining used a red fluorescent second
antibody and panels D and F included blue fluorescent counter-
staining with bisbenzamide. Scale bars: A–E, 50 lm; F, 200 lm.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

2176 GOODMAN ET AL.

Hippocampus



FIGURE 4. Influence of 3-week and 3-day exposure to RA on
the infrapyramidal/suprapyramidal blade asymmetry on SGZ cell
proliferation. A representative figure of BrdU labeling in the den-
tate gyrus, and greater numbers of labeled cells in the suprapyra-
midal compared with infrapyramidal blade, is shown (A). Control,
3-week vehicle-injected mice showed an average number of BrdU-
labeled cells that was significantly higher in the suprapyramidal
versus infrapyramidal blades (B, left). Treatment of mice with 13-
cis RA over a 3-week period followed by BrdU treatment resulted
in a preferential decline in average number of BrdU-labeled cells
in the suprapyramidal blade that was statistically significant (B,
right). When the mean ratio of BrdU-labeling in the suprapyrami-
dal blade to infrapyramidal blade was determined, the ratio in the
control-treated animals was 1.75, which significantly declined to
0.91 after chronic 13-cis RA treatment (C). Similarly, short-term
treatment with 13-cis RA or all-trans RA over 3 days resulted in a
normalization of the suprapyramidal blade to infrapyramidal blade

ratio (D). The effect of all-trans RA to normalize the ratio of pro-
liferating cells in the suprapyramidal versus infrapyramidal blade
was examined in differing regions of the hippocampus along the
rostral-caudal axis of the forebrain (E: i, ii, and iii) and found to
differ markedly in each region with a normalizing influence only
in the intermediate and caudal regions and significant in the inter-
mediate area. Supra, suprapyramidal blade; Infra, infrapyramidal
blade. Scale bar: A, 90 lm. (B) Control supra versus control infra,
n 5 5, one-way ANOVA, P < 0.01, Tukey’s posthoc test, P < 0.01
(**), Control supra versus RA supra, one-way ANOVA, P < 0.01,
Tukey’s posthoc test, P < 0.01 (**). (C) control treated versus 13-
cis RA treated, n 5 5, Student’s t test, P � 0.0005 (***), (D) Con-
trol versus 13-cis RA, n 5 5, one-way ANOVA, P < 0.05, Tukey’s
posthoc test, P < 0.05 (*), Control versus all-trans RA, n 5 5,
one-way ANOVA, P < 0.05, Tukey’s posthoc test, P < 0.05 (*). (E)
control treated versus all-trans RA treated, n 5 3, Student’s t test,
P � 0.015 (*).
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unknown but RBP binds with equal affinity to retinol and RA
(Breustedt et al., 2006) and cytoplasmic RBP may buffer reti-
noids and reduce the amount of RA entering the nucleus. Null
mutation of RBP would thus increase RA transcriptional activa-
tion and decrease cell proliferation. Comparing the RBP null
mutant with wild-type control, a significant decline in cell pro-
liferation was evident, by 42% (Fig. 5C). When comparing the
blades of the dentate gyrus, it was found that similar to the
effects of RA treatment, almost all the decline in cell prolifera-
tion in the SGZ of the RBP null mutant animal occurred in the
suprapyramidal blade (Fig. 5D), changing the ratio of BrdU
labeling in the suprapyramidal to infrapyramidal blade from 1.7
to 0.8 in the RBP null mutant mouse (Fig. 5E).

The inhibitory action of RA on cell proliferation in either the
RA-treated mice or the RBP mutant is not necessarily directly
on the hippocampus but may be a systemic action of RA influ-
encing other growth regulatory factors or hormones. To investi-
gate the effect of all-trans RA directly on cell proliferation in
the hippocampus, organotypic slice cultures were used. Hippo-
campi from postnatal Day 14 mice were used because adult hip-
pocampal slices do not survive a sufficient length of time to
study cell proliferation. Hippocampal slices were cultured for 4
days after which regulatory factors were added for 2 days, BrdU
added for a period of 2 hr and the slices fixed for immunohisto-
chemistry. Proliferative cells in the SGZ can migrate within the

dentate gyrus and so BrdU positive cells were counted through-
out the dentate gyrus as previously described (Chechneva et al.,
2005; Laskowski et al., 2005; Sadgrove et al., 2006; Namba
et al., 2007). In these preparations, proliferating cells were evi-
dent both in the dentate gyrus as well as around the hippocam-
pus, the latter presumably including glial cell progenitors
(Fig. 6A). all-trans RA (10 lM) significantly inhibited cell pro-
liferation in the dentate gyrus (Figs. 6B,E), whereas cell prolifer-
ation could be significantly promoted by EGF at 20 ng/ml
(Figs. 6C,D). All-trans RA could limit this induction by EGF
but this did not reach statistical significance (Figs. 6D,E). To
determine the influence of all-trans RA specifically on neuronal
precursors, the hippocampal slices were double-labeled for
BrdU and the neuronal progenitor marker NeuroD. In compar-
ison to vehicle-treated slices, this resulted in a significant four-
fold decline in number of these progenitors. These results dem-
onstrated that all-trans RA has predominantly an inhibitory
action on hippocampal cell proliferation.

DISCUSSION

In the developing CNS RA coordinates patterned gene
expression via its own organization into regions of high and

FIGURE 5. Expression of retinol binding protein (RBP) in the
dentate gyrus and influence on cell proliferation. Immunohisto-
chemistry for RBP indicated its presence in the hippocampus,
including the dentate gyrus and CA1 and CA3 hippocampal sub-
fields (A). A higher magnification view of the dentate gyrus indi-
cates that RBP is present in the cytoplasm of cells throughout the
dentate gyrus (B). The requirement of RBP for cell proliferation
in the SGZ was examined by quantitation of BrdU-labeled cells,
finding that cell proliferation was significantly lower in the RBP
null mutant mouse compared with wild-type control (C). When
this change is examined in the suprapyramidal versus infrapyrami-

dal blades it is evident that almost all the decrease occurs in the
suprapyramidal blade (D) and when measured as a ratio between
the two blades the 1.7-fold difference between suprapyramidal ver-
sus infrapyramidal blades is significantly reduced to a 0.8-fold dif-
ference (E). Scale bars: A, 90 lm; B, 10 lm; DG, dentate gyrus;
SGZ, subgranular zone. (C) Wild-type versus RBP null mutant, n
5 3, Student’s t test, P � 0.02 (*), (D) RBP 1/1 supra versus
RBP 1/1 infra, n 5 3, one-way ANOVA, P < 0.01, Tukey’s post-
hoc test, P < 0.05 (*), (E) wild-type versus RBP null mutant, n 5
3, Student’s t test, P � 0.002 (**). [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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low concentration, these concentration differentials being deter-
mined by regional expression of synthetic and catabolic
enzymes (McCaffery et al., 1999; Reijntjes et al., 2004; Her-
nandez et al., 2007) which are frequently in juxtaposition to
each other (Swindell et al., 1999; Reijntjes et al., 2005). This
report implies parallels between the adult and embryonic
mouse brain with RA in the adult hippocampus distributed
nonhomogenously across the dentate gyrus through localization

of the synthetic and catabolic enzymes. The catabolic enzyme
Cyp26b1 in cells of the hilus (Abu-Abed et al., 2002) provides
a RA ‘‘sink’’ and may further accentuate the gradient of RA
across the dentate gyrus. This is shown diagrammatically in
Figure 7, illustrating RA synthesis by RALDH2 (and
RALDH1) in the meninges, preferentially activating RA signal
in cells of the infrapyramidal blade of the dentate gyrus. A
lower amount of RA from a meningeal source would be
expected to reach the suprapyramidal blade and RA for this
blade may be provided from the low levels (1–2 nM) present
in the circulation (Kurlandsky et al., 1995) and RALDH1 in
the walls of large blood vessels (see Figs. 1A,B). In the embry-
onic hindbrain, RA can diffuse at least 200 lm (Smith et al.,
2001), and thus, RA generated by the meninges could traverse
the distance to the infrapyramidal blade. It may be considered
though that the neuropil of the adult brain may be less open
to diffusion, compared with the embryonic brain, and it is pos-
sible that RA, and perhaps other retinoids, are also actively
transported into the granule cells of the infrapyramidal blade;
the dendrites of the infrapyramidal granule neurons in the mo-
lecular layer coming in very close proximity to the meninges
(Figs. 7B,C) and the retinoid binding proteins may capture
RA. Evidence for the existence of this RA differential between
blades is provided by the asymmetrical distribution of a RARE-
lacz reporter in the two blades, showing greater number of re-
porter-labeled cells in the infrapyramidal compared with supra-
pyramidal blade; this difference could be ablated by a 3-day
application of exogenous RA.

One potential result of this RA distribution is differential
regulation of cell proliferation between the two blades of the
dentate gyrus. In the untreated mouse, lower cell proliferation
was evident in the infrapyramidal versus suprapyramidal SGZ,
as determined by BrdU labeling. It may be conjectured that the
lower cell proliferation in the infrapyramidal SGZ is due to the
higher endogenous concentrations of RA around this blade.
Cell proliferation in the suprapyramidal blade could be sup-
pressed to similar levels by exogenous RA exposure either over
an extended 3-week, or short 3-day time interval. It could not
be determined from these results however, whether this was a
direct or indirect influence of RA. Certainly, though RA has
the potential to block cell division and does so in a number of
progenitor cells (Clarke et al., 2004) and in organotypic slice
culture, it was shown that RA can inhibit cell proliferation in
the hippocampus. A marked difference in the capacity of RA
to differentially effect proliferation in infrapyramidal versus
suprapyramidal SGZ was evident between different locations
along the forebrain rostral–caudal axis with rostral regions
essentially nonresponsive. This presumably reflects the differ-
ence in the relative position along the septotemporal axis along
which the hippocampus is both patterned in function (Moser
and Moser, 1998) and rates of neurogenesis (Jinno, 2011).
However, the mechanism that generates this difference in
response is unknown and will require future explorations of
differences in RA synthesis along this axis as well as the signal-
ing system required to responds to RA, including the RA
receptors and nuclear receptor coactivators and corepressors.

FIGURE 6. Influence of EGF and RA on cell proliferation in
hippocampal slice cultures. BrdU (green) expression in a control-
treated slice, double-labeled with NeuN (red); the dentate gyrus is
outlined with a white dashed line as its position cannot be always
clearly seen at the contrast used (A). Treatment with 10 lM RA
significantly reduced proliferation in the dentate gyrus (B and E),
whereas treatment with EGF significantly increased proliferation
(C and E), and RA could partially suppress EGF’s induction of
proliferation (D and E). These changes in cell proliferation could
be quantified by counting number of BrdU-labeled cells in the
dentate gyrus following the different treatments (E). The influence
of all-trans RA on neuronal precursors was determined by double-
labeling for BrdU and the neuronal progenitor marker NeuroD,
showing a strong and significant decrease in progenitor number.
Scale bars: A-D, 200 lm. Control treated versus EGF treated, n 5
6, one-way ANOVA, P < 0.0001, Tukey’s posthoc test, P � 0.001
(***). Control treated versus 10-5M RA treated, n 5 6, one-way
ANOVA, P � 0.0001, Tukey’s posthoc test, P < 0.01 (**) (F) con-
trol treated versus all-trans RA treated, n 5 3–4, Student’s t test, P
� 0.009 (**). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Mutation of RBP resulted in a similar reduction in the
suprapyramidal blade as application of exogenous RA implying
that loss of RBP may also lead to an increase in hippocampal
RA signaling. RBP was first described as the liver synthesized
binding protein that transports retinol in the circulation and it
is essential, for instance, for the movement of retinol across the
placenta into the embryo (Quadro et al., 2005). However, its
expression in the brain is unlikely to equate with such a role
because the enzymes necessary for oxidation of retinol to active
RA are present in very few regions of the brain (Wagner et al.,
2002). It had been previously presumed that RBP was not im-
portant for the brain given that RA does not cross the blood
brain barrier (Breustedt et al., 2006); however, RBP is exten-
sively expressed within the brain of both the mouse (unpub-
lished finding) and primate (Komatsu et al., 2005). In the
brain the affinity of this protein for RA, previously not consid-
ered relevant because RA levels in the plasma are very low
(Breustedt et al., 2006), may be of importance for its function
in the brain. That the RBP null mutant resulted in a decline in
proliferation in a similar direction to that of excess RA suggests
that RBP may diminish the action of RA and a decline in this
binding protein increases RA signaling. RBP may buffer RA or
it is conceivable that RBP may have the function of secreting
retinoids from neural cells, in a similar way to that RBP secre-
tion from the liver is combined with the release of retinol
(Ronne et al., 1983). A question to resolve is its function rela-
tive to CRABPI, which has a 10-fold higher affinity for RA
than RBP (Fiorella and Napoli, 1991; Breustedt et al., 2006),

although the relative amounts of RBP and CRABPI are
unknown. A difference may exist in the subcellular distribution
of the proteins, for instance, RBP is associated with the Golgi
complex and secretory vesicles (Suhara et al., 1990), whereas
CRABPI is present in a perinuclear location (Levadoux-Martin
et al., 2006) and is also transported into the nucleus (Gaub
et al., 1998); their cellular localization will influence the frac-
tion of RA bound by both. It will be of interest to determine

whether CRABPI null mutations in the mouse, which appear

essentially normal (Gorry et al., 1994), show an effect on hip-

pocampal cell proliferation.
RA-mediated differences between the infrapyramidal and

suprapyramidal blades may regulate other processes in the
blades in addition to cell proliferation. Although most aspects
of dentate gyrus function are identical between the blades, var-
ied features distinguishing them have been identified. Granule
cell differences are evident in dendrite length (Claiborne et al.,
1990) as well density of their spines (Desmond and Levy,
1985). Differences in cell vulnerabilities exist; for instance, IL-2
deficiency results in a greater loss of infrapyramidal than supra-
pyramidal granule cell numbers (Beck et al., 2005), whereas
the infrapyramidal blade shows a greater sensitivity to hypoxia
(Hara et al., 1990). Mutation of Lmx1a in the Dreher mouse
preferentially results in loss of the infrapyramidal blade (Seki-
guchi et al., 1992), whereas mutation of EphB2 results in loss
of just the lateral portion of the suprapyramidal blade (Catch-
pole and Henkemeyer, 2011). Numbers of neurons can differ
between the blades, for instance, in two strains of seizure-prone

FIGURE 7. Model of RA signaling in the dentate gyrus in
control animals. (A) RA is generated by RALDH2 in the meninges
and activates RA signaling predominantly in granule cells and
their precursors (in the SGZ) in the infrapyramidal blade of the
dentate gyrus. Expression of the catabolic enzyme CYP26B1 fur-
ther limits the diffusion of RA across the dentate gyrus. The den-
drites of the granule neurons of the infrapyramidal blade stretch

to reach the meninges, as can be seen in neurons immunofluores-
cently labeled for the RA reporter (B and C), as also illustrated in
(A) and RA may hypothetically be transported by these processes
to reach the granule neuron cell bodies. Scale bars: B, 50 lm; C,
25 lm. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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mice numbers of granule and basket cells were higher in the
suprapyramidal than infrapyramidal blade (Wimer et al.,
1990). Granule cell activity in the suprapyramidal blade has
recently been found to be higher than in the infrapyramidal
blade as determined by the expression of the immediate early
gene zif268 (Schmidt et al., 2012), and this same report lists
numerous examples of connectivity differences. The source of
RA, from RALDHs in the meninges, also provides RA for the

developing CNS (Zhang et al., 2003) and, for instance, menin-

geal RA regulates forebrain development (Siegenthaler et al.,

2009). RA may be among the factors synthesized by the

meninges necessary for the postnatal development of the infra-

pyramidal blade given that removal of the meninges results in

failure of this blade to develop (Hartmann et al., 1992).
In contrast to the influence found in this study of exogenous

RA applied in vivo or in vitro to inhibit proliferation, the stud-
ies of Jacobs et al. (Jacobs et al., 2006) have shown that vita-
min A in the mouse is necessary for neuronal differentiation in
the SGZ but no effect was evident on cell proliferation. Our
previous findings (Crandall et al., 2004; Sakai et al., 2004) as
well as those of others (Jung et al., 2007), found that exposure
to RA can inhibit cell proliferation (and neurogenesis) in the
SGZ or the SVZ. It is possible that these differences may, in
part, reflect the precursor type examined; Jacobs et al. studied
precursors labeled following exposure to BrdU over a 6-day pe-
riod as opposed to the much briefer 6 hr exposure to BrdU
used in this study. Surprisingly, all the parameters of neurogen-
esis measured by Jacob et al. (2006) in the hippocampus which
were altered as a result of vitamin A deficiency, were not revers-
ible by the addition of RA, suggesting in these studies some
additional, RA independent, roles for retinol.

The few reports that have examined the relative differences
in neurogenesis between the blades of the dentate gyrus have
been conflicting regarding relative levels of, for instance, sur-
vival. It has been reported that survival of BrdU-labeled cells is
higher in the suprapyramidal versus infrapyramidal (Ambrogini
et al., 2000) whereas a more recent study has indicated the op-
posite result when blades are compared (Snyder et al., 2009)
which disappears with age (Snyder et al., 2011). These differen-
ces may be due to the varied survival time being measured (15
vs. 28 days) or strain differences. The consequences for hippo-
campal function of such differences are presently unknown.
However, a detailed study by Jinno (2011) of spatial differences
in neurogenesis found greater number of calretinin-positive
cells, a marker of immature granule cells, in the suprapyramidal
versus infrapyramidal blade of the dorsal dentate gyrus, where
calretinin-positive cells reside. Based on the findings of Jinno
(2011) that neurogenesis is patterned both in a dorsal/ventral
and suprapyramidal/infrapyramidal blade orientation, and that
hippocampal neural interconnectedness and function show dif-
ference in this organization, it was proposed ‘‘that the topo-
graphic organization of the neural circuits might contribute to
these interblade differences in adult neurogenesis.’’

In summary, this study has identified an asymmetry in RA
signaling between the suprapyramidal and infrapyramidal

blades of the dentate gyrus and this difference may be driven
by a gradient of RA across the dentate gyrus from the local
source of RALDH1 and RALDH2 in the meninges. Such a
gradient parallels its action as a morphogen in the embryo and
may help regulate those processes found to be dissimilar
between the two blades. It cannot be excluded that the relative
difference in effect of RA on the suprapyramidal and infrapyra-
midal blades reflects an intrinsic difference in RA signaling
between cells of the two blades. Aside though from the asym-
metrical distribution of the RALDHs, no other protein that
mediates RA signaling was found to be different between the
two blades, including RARbeta, RARgamma, CRABPI, and
RBP. Similarly, it is possible that the difference in cell prolifera-
tion between the two blades may involve factors integral to the
two blades. Given though the findings that both exogenous RA
and mutation of RBP ablate the difference between the two
blades, and that in organotypic slice cultures, RA inhibits cell
proliferation, the simplest explanation is that the difference is
due to the existence of an asymmetry in RA concentration.
This hypothesis will be further tested in the future via manipu-
lation of this putative disparity by null mutation of other genes
necessary for RA signaling.
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genase is a positional marker in the retina. Development 112:693–
702.

McCaffery P, Wagner E, O’Neil J, Petkovich M, Drager UC. 1999.
Dorsal and ventral retinoic territories defined by retinoic acid syn-
thesis, break-down and nuclear receptor expression. Mech Dev
85:203–214.

McCaffery PJ, Adams J, Maden M, Rosa-Molinar E. 2003. Too much
of a good thing: Retinoic acid as an endogenous regulator of neural
differentiation and exogenous teratogen. Eur J Neurosci 18:457–
472.

Misner DL, Jacobs S, Shimizu Y, de Urquiza AM, Solomin L, Perl-
mann T, De Luca LM, Stevens CF, Evans RM. 2001. Vitamin A
deprivation results in reversible loss of hippocampal long-term syn-
aptic plasticity. Proc Natl Acad Sci USA 98: 11714–11719.

Moser MB, Moser EI. 1998. Functional differentiation in the hippo-
campus. Hippocampus 8:608–619.

Nabeyrat E, Corroyer S, Epaud R, Besnard V, Cazals V, Clement A.
2000. Retinoic acid-induced proliferation of lung alveolar epithelial

2182 GOODMAN ET AL.

Hippocampus



cells is linked to p21(CIP1) downregulation. Am J Physiol Lung
Cell Mol Physiol 278:L42–50.

Namba T, Mochizuki H, Onodera M, Namiki H, Seki T. 2007. Post-
natal neurogenesis in hippocampal slice cultures: Early in vitro
labeling of neural precursor cells leads to efficient neuronal produc-
tion. J Neurosci Res 85:1704–1712.

Oliva A, Borriello A, Zeppetelli S, Di Feo A, Cortellazzi P, Ventriglia
V, Criscuolo M, Zappia V, Della Ragione F. 2003. Retinoic acid
inhibits the growth of bone marrow mesenchymal stem cells and
induces p27Kip1 and p16INK4A up-regulation. Mol Cell Biochem
247:55–60.

Paillaud E, Costa S, Fages C, Plassat JL, Rochette-Egly C, Monville
C, Tardy M. 2002. Retinoic acid increases proliferation rate of
GL-15 glioma cells, involving activation of STAT-3 transcription
factor. J Neurosci Res 67:670–679.

Palmer TD, Willhoite AR, Gage FH. 2000. Vascular niche for adult
hippocampal neurogenesis. J Comp Neurol 425:479–494.

Paxinos G, Franklin KBJ. 2004. The mouse brain in stereotaxic coor-
dinates. Amsterdam ; Boston: Elsevier Academic Press.

Quadro L, Blaner WS, Salchow DJ, Vogel S, Piantedosi R, Gouras P,
Freeman S, Cosma MP, Colantuoni V, Gottesman ME. 1999.
Impaired retinal function and vitamin A availability in mice lack-
ing retinol-binding protein. Embo J 18:4633–4644.

Quadro L, Hamberger L, Colantuoni V, Gottesman ME, Blaner WS.
2003. Understanding the physiological role of retinol-binding pro-
tein in vitamin A metabolism using transgenic and knockout
mouse models. Mol Aspects Med 24:421–430.

Quadro L, Hamberger L, Gottesman ME, Wang F, Colantuoni V, Bla-
ner WS, Mendelsohn CL. 2005. Pathways of vitamin A delivery to
the embryo: Insights from a new tunable model of embryonic vita-
min A deficiency. Endocrinology 146:4479–4490.

Reijntjes S, Blentic A, Gale E, Maden M. 2005. The control of
morphogen signalling: Regulation of the synthesis and catabolism
of retinoic acid in the developing embryo. Dev Biol 285:224–
237.

Reijntjes S, Gale E, Maden M. 2004. Generating gradients of retinoic
acid in the chick embryo: Cyp26C1 expression and a comparative
analysis of the Cyp26 enzymes. Dev Dyn 230:509–517.

Ronne H, Ocklind C, Wiman K, Rask L, Obrink B, Peterson PA.
1983. Ligand-dependent regulation of intracellular protein trans-
port: Effect of vitamin a on the secretion of the retinol-binding
protein. J Cell Biol 96:907–910.

Ross AW, Johnson CE, Bell LM, Reilly L, Duncan JS, Barrett P, Hei-
deman PD, Morgan PJ. 2009. Divergent regulation of hypothala-
mic neuropeptide Y and agouti-related protein by photoperiod in
F344 rats with differential food intake and growth. J Neuroendoc-
rinol 21:610–619.

Rossant J, Zirngibl R, Cado D, Shago M, Giguère V. 1991. Expres-
sion of a retinoic acid response element-hsplacZ transgene defines
specific domains of transcriptional activity during mouse embryo-
genesis. Genes Dev. 5:1333–1344.

Sadgrove MP, Laskowski A, Gray WP. 2006. Examination of granule
layer cell count, cell density, and single-pulse BrdU incorporation
in rat organotypic hippocampal slice cultures with respect to cul-
ture medium, septotemporal position, and time in vitro. J Comp
Neurol 497:397–415.

Sakai Y, Crandall JE, Brodsky J, McCaffery P. 2004. 13-cis Retinoic
acid (accutane) suppresses hippocampal cell survival in mice. Ann
NY Acad Sci 1021:436–440.
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